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The work completed during this period has been carried out by many
co workers supported by the ONR and has been reported in published papers
and more than 50 Technical Reports.

The people involved have been both graduate students and post
doctoral fellows.
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just to put all this work together in one report below are the abstracts
of the published and to be published papers from this work. They include
studies of the structure of non rigid molecules, the formation of clusters and
dimers, liquid cluster structure chemical reaction studies, and studies of
cluster dynamics.

1984 to present: see attached.
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Molecular jet study of aniline-helium van der Waals
molecules and aniline radiationless relaxation in the '01.
excited electronic statelf "

E. R. Bernstein, K. Law, and Mark Schauer

Department of Chemistry. Condensed Matter Sciences Laboratory. Colorado State Unwerrity. Fort Collins.

Colorado 80523
(Received 9 May 1983; accepted 15 September 1983)

Fluorescence excitation IFE), dispersed emission tDE). and time of flight mass spectroscopy iTOFMS

techniques are employed to study the van der Waals molecules formed in a molecular supersonic jet of aniline

and helium (AnHe, 1. It is found that AnHe. AnHe. and AnHe 3 have absorption bands that fall under all the

An v') vibronic features in the '11 electronic state of An. The features to the high energy side of the An

vibronic transitions are tentatively associated with vibrations of the above van der Wails molecules. The DE

from both An and AnHe, can be characterized as either "relaxed" or "unrelaxed" depending on whether or

not the aniline vibronic state emitting is the same as or different from that which was pumped. All "relaxed"

An emission can be associated with vibrational predisoctution of the AnHe, specis. All "unrekxted"

emission from AnHe, (v' 4- u), with v' = An mode and u = vdW bond mode, can be associated with '1u = 0

transitions from AnHe,. A number of other relaxation mechanisms are presented and discussed including
collisional ones. Some time estimates for the maior processes can be discussed.

Molecular supersoni9 ,Jet studies of aniline solvation by
helium and methane-

E. R. Bernstein, K. Law, and Mark Schauer

Department of Chemistry. Condensed Watter Sciences Laboratory, Colorado state Uni'ersiy. Fort Collins.
Colorado 80523
i Received 31 August 1983: accepted 6 October 1983)

The technique of two color resonant two photon ionization coupled with time of flight mass spectroscopy has
been employed to study aniline-He IAnHe, } and aniline-CH, (AnICH,), J van der Waals clusters generated in

a supersonic molecular jet. This technique allows identification of spectroscopic transitions with clusters of

known mass because no ion fragmentation is observed. Specific features in the optical fluorescence excitation
and dispersed emission spectra can thereby be uniquely identified with a particular cluster. Cluster vibrations

can be analyzed by a Morse potential to yield the An-He bond dissociation energy D, - 100-,-!0 cm -.

Careful analysis of the dispersed emission from AnHe, suggests 145 < D, < 155 cm- It is found that the van
der Waals bond stretching frequency is nearly the same in the ground and excited states and that there is a

strong propensity rule for . V = 01 V = vdW bond modei as expected in this case, although .1 V = = I
transitions can be observed. The AnHe, and AnHe. origins are slightly red shifted with respect to the An

ongins, while the AnHe, ix > 31 origin is broad and nearly unshifted. This pattern is followed for AnICH,;,
clusters; AnCH, transitions are red shifted 30 cm-, from the comparable An features and AnICH,,,

transitions are 160 cm- below their comparable An feature. The AnICH,), Ix > 3) transitions appear at
- 200-300 cm - below their comparable An mode. The binding energy for the An--CH, bond is found to be

500 < D o < 700 cm - in the 'B, state of aniline. Aniline has a strong preference for binding the solvent above
and below the aromatic ring. Since the D., is large for An-CH, and the stretching mode is only - 25 cm - the

AnICH.), system builds up a large density of states in the van der Waals degrees of freedom. Tlis density of

states allows intramolecular vibrational redistribution iIVR. to take place, if the An mode excited is lower in
energy than the D, value. The rate of IVR from 6a O 0 + 500 cm - I is somewhat faster than the 5 ns

fluorescence rate but much slower than the rate of vibrational predissociation IVP) from higher levels. Both

the IVR process, due to the van der Wails vibrational density of states, and the limiting solvent red shift, at a
value siular to that found for cryogenic solutions, are discussed in terms of these clusters as model

solute/solvent systems.



---Brillouin scattering studies of the successive phase transitions
in (CH3NH)SIFeCI4

A. Yoshihara, J. C. Burr, S. M. Mudare, E. R. Bernstein, and J. C. Raich
Department of Chemistry and Department of Physics. Condensed Matter Sciences Laboratory. Colorado State

University. Fort Collins. Colorado 80523

tRe eived 30 September 1983, accepted 29 December 1983)

Brillouin scattering spectra are reported and analyzed for the layered perovskite compound

(CHNH.)2FeClI. Particular attention has been given to successive phase transitions in this

system: D , - D " = D ". It is found that the elastic constant c,, is the major contributor to

instabilities in this system. A two-dimensional order parameter at the Brillouin zone boundary X

point is introduced into the Landau free-energy to account for this sequence of transitions. An

additional secondary instability (one-dimensional order parameter) at the Z point is used to

generate the D 11 = D ', phase transition: inclusion of the two order parameters circumvents the

need for postulating a D " phase between the D . and D " phases and for higher order

temperature dependent terms in the free energy expansion. The D D - D phase transition is

characterized by a strong Landau-Khalatnikov contribution to c, and a large dynamical critical

behavior.

Supersonic molecular jet studies of toluene-helium and toluene-
methane clusters ,

Mark Schauer, K. Law, and E. R. Bernstein
Department of Chemistry, Condensed Matter Sciences Laboratory. Colorado State University. Fort Collins,
Colorado 80523

(Received 23 December 1983; accepted 8 March 1984)

The techniques of fluorescence excitation (FE), dispersed emission IDE), and one- and two-color
time of flight mass spectroscopy )TOFMSJ have been employed to study van der Waals clusters of

toluene-helium iToiHe) and toluene-methane (ToICH,) formed in a supersonic molecular jet.

Spectral shifts for the toluene 'B,,-',, transition have been characterized for TolHe,.1 and

TolICH 4 .2 . The van der Waals stretching frequencies i V) in the excited states of these clusters

have been identified. The ground state stretch V,) for TolHe has also been found; it is quite similar
to the TolHe V. The binding energies D, for Tol-He clusters lie between 75 and 90 cm -' and
those for Tol-CH, clusters lie between 533 and 739 cm -'. The coordination of a third solvent

molecule to those clusters generates a broad spectrum whose shift is close to the limiting value for
a large (x > 3) cluster. A comparison between these data and methane solution data is presented.

Molecular jet study of the solvation of benzene by methane,
ethane, and propane*1

Mark Schauer and E. R. Bernstein
Department of Chemistry Condensed Matter Sciences Laboratory, Colorado State University, Fort Collins Colorado 80523

IReceived 6 July 1984; accepted 1 October 1994)

Two color time of flight mass spectroscopy studies of benzene solvated by methane,

ethane, and propane in a molecular jet have been carried out. Absorption has been

characterized for both the 0' and 60 transitions of benzene (alkane), (x = 1,2,3...).

Atom-atom exponential-6 potentials have been employed to calculate cluster

geometry and binding energy. Comparisons between calculations and experiments

allow the identification of specific configurations for the cluster spectroscopic
transitions. Cluster spectral shifts can also be identified and a correlation between
the size of the cluster red shift and geometry has been developed. The closer the

solvent is to the aromatic t- system of the ring, the larger the red shift. Relative

intensity data for different clusters has led to a clarification of cluster nucleation.

Most clusters are formed by the interaction of solvent dimers or larger species with a /

solute molecule.



-Molecular jet study of the solvation of toluene by methane, ethane,
and propaneg

Mark Schauer, K. S. Law, and E. R. Bernstein
Department of Chemistry. Condensed Matter Sciences Laboratory Colorado State University, Fort Collins. Colorado 80523

SRecieved 6 July 1984; accepted 1 October 1984)

Two color time of flight mass spectroscopy studies of toluene solvated by methane.
ethane, and propane in a supersonic molecular jet have been carried out. This work
is quite similar to the studies in the preceding paper on benzene. The conclusions and
finding in the benzene investigation are strengthened and elaborated. The
comparison of calculations and experiments has yielded information on binding
energy, geometry, and spectral shift. A strong correlation is found between
observed cluster transition intensity and cluster nucleation processes and a
tentative nucleation scheme for the molecular jet formation of solute-solvent
clusters is presented

Dimers of aromatic molecules: (Benzene) 2, (toluene)2,
and benzene-toluene' -

K. S. Law, Mark Schauer, and E. R. Bernstein
Departmenr of Chemistry. Condensed Matter Sciences Laboratory, Colorado State Uniersity
Fort Collins. Colorado 80523

(Received 1 June 1984; accepted 26 July 1984)

The optical absorption spectra of the first excited singlet states of the benzene. toluene, and
toluene-benzene dimers, created in a supersonic molecular jet, are reported. The absorption
spectra are detected through two-color time of flight mass spectroscopy; this method eliminates
fragmentation of dimers and higher clusters and the dimer spectra are uniquely observed. The
benzene dimer observed in this experiment is suggested to have a parallel stacked and displaced
configuration of C 2h symmetry. Both the toluene and toluene-benzene dimers have two
configurations: parallel stacked and displaced (based on (benzene)] and perpendicular.
(Benzenel,, (toluene 2, and toluene-benzene form excimers in the excited state for the parallel
stacked displaced configurations. The transformation of (benzene)2 to the excimer takes place at
the 0' with a -0 cm -' barrier while the excimer is formed for toluene-benzene with a - 900
cm - 'barrier. An exciton analysis of the (benzenel, 00 and 6o' yields M,2, the excitation exchange
interaction, equal to - 1.6 cm

' Calculations of the geometry and binding energy of aromatic
dimers: Benzene, toluene, and toluene-benzene .0,-

Mark Schauer and E. R. Bernstein
Departnent of Chemistry. Condensed Matter Sciences Laboratory, Colorado State University. Fort Collins. Colorado 80523

(Received 17 September 1984; accepted 11 January 1985)

Calculations of the geometries and energies of the benzene, toluene. and
toluene-benzene dimers using a combination of atom-atom and multipolar
potentials are presented and discussed. An exponential-six atom-atom potential plus
a molecular quadrupole-quadrupole interaction term gives the reported parallel
displaced C2, benzene dimer geometry. The excited state behavior of the benzene
dimer can be qualitatively understood based on this calculation. The
toluene-benzene dimer is well modeled by these terms in addition to a
dipole-quadrupole interaction term. Both parallel displaced and perpendicular
configurations are obtained in agreement with the experimental data. Using
exponential-six dipole-dipole, quadrupole-quadrupole, and dipole-quadrupole
interactions the toluene dimer can be satisfactorily modeled. The calculations
generally suggest that excitation of parallel displaced dimers can lead to
rearrangement (and possible excimer formation) in the excited state.



Molecular jet study of van der Waals complexes of flexible
molecules: n-Propyl benzene solvated by small alkanesa)

K. S. Law and E. R. Bernstein
Department of Chemistry. Condensed Matter Sciences Laboratory. Colorado State University. Fort Collins. Colorado 80523

(Received 27 August 1984; accepted 28 November 1984)

A combination of atom-atom potential calculations and experimental molecular jet

spectroscopic studies is used to elucidate the geometry and binding energy of n-

propyl benzene/methane, ethane, and propane clusters. Two color time-of-flight

mass spectroscopy data and calculations are presented for both trans and gauche

configurations of n -propyl benzene with up to three hydrocarbon molecules of

solvation. Cluster shifts and geometry are treated in detail for the observed and

calculated systems. Solvation, as observed in the clusters, seems to have little effect

on the geometry of the solute in this instance. Alkyl chain motion is also discussed

for the n -propyl benzene isolated molecule.

Molecular jet study of solvation of pyrazine by small hydrocarbonsa)
J. Wanna and E. R. Bernstein
Department of Chemistry. Condensed Matter Sciences Laboratory. Colorado State Universuy, Fort Collins.
Colorado 80523

zktueived 28 March 1985; accepted 3 October 1985)

Supersonic molecular jet 2-color time-of-flight mass spectroscopy studies are reported for
pyrazine solvated by methane, ethane, and propane. The results parallel those obtained for
benzene and toluene solvated by these molecules. The presence of nitrogen atoms and lone pair
electrons in the aromatic system has only a small effect on the cluster structure. Lennard-Jones
potential calculations are presented along with the experimental data. Cluster shifts and binding
energies are reported and correlated with geometries. The nucleation process for cluster
formation appears to involve solvent dimers. as was found for the aromatic hydrocarbon systems.

Supersonic molecular jet studies of toluene-helium and toluene-
methane clustersa)

Mark Schauer, K. Law, and E. R. Bernstein
Department of Chemistry, Condehtsed Matter Sciences Laboratory. Colorado State Uniersty, Fort Collins.
Colorado 80523

IReceived 23 December 1983; accepted 8 March 19841

The techniques of fluorescence excitation (FE), dispersed emission i DE), and one- and two-color
time of flight mass spectroscopy (TOFMS) have been employed to study van der Waals clusters of
toluene-helium (TolHe) and toluene-methane (TolCHt) formed in a supersonic molecular jet.
Spectral shifts for the toluene 'B,.-A 1 transition have been characterized for TolHe1 . and
ToIICH,)1.2. The van der Waals stretching frequencies ( V'1 in the excited states of these clusters
have been identified. The ground state stretch (V) for TolHe has also been found; it is quite similar
to the TolHe V'. The binding energies ID,) for Tol-He clusters lie between 75 and 90 cm -' and
those for Tol-CH4 clusters lie between 533 and 739 cm '. The coordination of a third solvent
molecule to those clusters generates a broad spectrum whose shift is close to the limiting value for
a large Ix > 3) cluster. A comparison between these data and methane solution data is presented.



Hydrogen bonded and non-hydrogen bonded van der Waals clusters:
Comparison between clusters of pyrazine, pyrimidine, and benzene
with various solvents a)

J. Wanna, J. A. Menapace, and E. R. Bernstein
Department o" Chemistrv. Condensed Matter Sciences Laboratory. Colorado State Unrerstty. Fort Collins.
Colorado 80523

(Received 13 December 1985; accepted I May 1986)

Solute-solvent clusters of pyrazine, pyrimidine, and benzene (solutes) and C, H,, (n = 1.2).
NH 3, and H.,O (solvents) are studied by the techniques of supersonic molecular jet spectroscopy
and two-color time-of-flight mass spectroscopy (two-color TOFMS). Spectral shifts, van der
Waals (vdW) modes, dissociation energies, and vdW mode-solute mode vibronic couplings are
characterized for most of the observed clusters. Based on these data and previous, results for
hydrocarbon systems, cluster geometries can be suggested. Lennard-Jones potential (6-12-I)
calculations are also performed for these clusters and in all instances for which comparisons can
be readily made. calculated and experimentally estimated geometries and binding energies agree
completely. Clasters of N-heterocyclic solutes and HO are not observed experimentally.
Systematics and trends among the clusters reported herein and those previously reported are
discussed and analyzed.

Calculation of the Vibronic Structure of Solute/Solvent van der Waals Clusters

J. A. Menapace and E. R. Bernstein*

Department of Chemistry. Condensed Matter Sciences Laboratory. Colorado State University. Fort Collins.
Colorado 80523 (Received: June 17. 1986)

Calculations of the eigenvectors and eigenvalues for the intermolecular vibrational modes of van der Waals clusters of
benzene(Ar),, -(CH 4)t,. -(HzO)i. and -(NHj), and s-tetrazine(Ar), are presented. The calculations are based on an atom-atom
Lennard-Jones (6-12-1-10-12) potential function, which includes hydrogen bonding, and a normal coordinate analysis. The
clusters are treated as 'giant molecules". The results of these calculations are then used to assign the van der-Waals vibronic
spectra of the above clusters. Agreement between calculations and experiments is excellent for binding energies. symmetries.
and van der Waals frequencies. The S, - So vibronic transitions of the above clusters are essentially completely assigned
based on these calculations. A major conclusion of this work is that the low-frequency van der Waals torsions and bends
are active in Herzberg-Teller vibronic coupling. A number of approximate diatomic molecule calculations are compared
to the above procedure and thereby evaluated.

The S2 *- So laser photoexcitation spectrum and excited state dynamics
of jet-cooled acetophenone)

J. A. Warren and E. R. Bernstein
Department of Chemistry. Condensed Matter Sciences Laboratory. Colorado State University. Fort Collins.
Colorado 80523

(Received 9 April 1986; accepted 20 May 1986)

The S2 - S, photoexcitation spectrum of jet-cooled acetophenone is presented. The observed
homogeneously broadened linewidths indicate S, lifetimes <0.26 ps while the measured emission
lifetimes range from 540 + 30 ns for S. 0, excitation to 130 - 50 ns for S: I2V, excitation. The
dynamics revealed by the spectrum are discussed in terms of the known photochemical and
photophysical rates of the excited states of acetophenone. Arguments are presented which
identify the emitting state as a known trplet state of acetophenone.



On the pyrazine and pyrazine-pyrlmidlne dimersa)
J. Wanna and E. R. Bernstein
Department of Chemistry, Condensed ,atter Sciences Laboratory. Colorado State Unwersity. Fort Collins,
Colorado 80523

(Received 9 April 1986; accepted 6 June 1986)

Spectra of the pyrazine-d4 , pyrazine-h,-pyrazine-d,, and pyrazine-d,-pyrimidine dimer are

obtained and analyzed with the help of Lennard-Jones-hydrogen-bonding (LJ-HB) potential

energy calculations. The pyrazine isotopic hetero and homo dimers possess nearly identical
spectra with the exception that the perpendicular dimer features are displaced to the red by - II
cm -'. Exchange or exciton interactions in this system are vanishingly small (less than 1 cm -').
The geometries suggested by the isotopically substituted pyrazine dimer spectra are the same as
those found for the pyrazine-h, homo dimer: a parallel planar hydrogen bonded and a

perpendicular dimer. The pyrazine-d,- and pyrazine-h 4-pyrimidine dimer spectra are quite

complicated. These spectra can be assigned as arising from one parallel stacked head-to-tail

displaced dimer, one parallel planar dimer, and three perpendicular dimers based on comparisons
with spectra of the pyrazine and pyrimidine dimers.

On the phase transition In N-isopropylcarbazole
R. Nowake and E. R. Bemstein
Department of Chemistry. Condensed Matter Sciences Laboratory, Colorado State University, Fort Collins.
Colorado 80523

(Received 27 May 1986; accepted 29 July 1986)

The elastic properties of N-isopropylcarbazole (NIPC), a pyroelectric molecular crystal, are

investigated by Brillouin scattering. The full elastic constant tensor is determined at 295 K and
the temperature dependences of the elastic constants are given. The major experimental finding
reported is the anomaly of the LA a-axis mode governed by the c, elastic constant. This mode

exhibits a pronounced downward bending on both sides of the nonferroic, first order phase
transition at - 137 K. Symmetry allowed linear-quadratic and biquadratic couplings between
the Brillouin zone boundary one-dimensional order parameter and the zone center strain

introduced into the Landau free energy do not account for the observed anomaly. The
transition is characterized in terms of a strong dispersion of the ct1 elastic constant and a large
dynamical critical behavior. By combining the c,, elastic constant data and the Brillouin
scattering LA a-axis mode half-width data through a Landau-Khalatnikov process, one can

extract a relaxation time satisfying a mean-field dependence characteristic of critical slowing
down of the order parameter.

An RRKM Approach to Vibrational Predlssoclatlon of van der Waals Clusters

D. F. Kelley*t and L R. Bernstein*

Condensed Matter Sciences Laboratory, Department of Chemistry, Colorado State University. Fort Collins.
Colorado 80523 (Received: April 11, 1986)

Vibrational predissociation (VP) rates are calculated for the s-tetrazine-Ar van der Waals complex excited to various vibronic

levels of the first excited singlet state by employing RRKM theory and a serial mechanism for intramolecular vibrational
redistribution (IVR) and VP. In the model presented. VP cannot take place from the optically accessed zero-order tetrazine
vibronic state but follows only after [VR has populated the van der Waals modes with more energy than the cluster binding
energy. The calculations can be compared with two published studies of the IVR and VP processes in the s-tetrazine- \r
cluster: a picosecond study of the time evolution of vibronic emission from the cluster and the free molecule following ciuster
excitation, and a CW emission intensity study of the cluster and free molecule following cluster excitation. \greement between
the calculation and the available experimental data is semiquantitative and as good as the agreement between the two expenmental
studies reported (approximately a factor of two).



Spectroscopic studies of cryogenic fluids: Benzene in propanea)
R. Nowak") and E. R. Bernstein
Department of Chemistr. Condensed Matter Sciences Laboratory. Colorado State Unicersity. Fort Collins.
Colorado 80523

(Received 19 November 1986: accepted 8 December 198b)

Energy shifts and bandwidths for the 'B. -'.4,, optical absorption and emission transitions of
benzene dissolved in propane are presented as a function of pressure. temperature. and density
Both absorption and emission spectra exhibit shifts to lower energy as a function of density.
whereas no shifts are observed if density is kept constant and temperature and pressure are
varied simultaneously. Density 's thus the fundamental microscopic parameter for energy
shifts of optical transitions. The emission half-width is a linear function of both temperature
and pressure but the absorption half-width is dependent only upon pressure. These results are
interpreted qualitatively in terms of changes occurring in the intermolecular potentials of the
ground and excited states. Both changes in shape of and separation between the ground and
excited state potentials are considered as a function of density. Classical dielectric (Onsager-
Bottcher), microscopic dielectric (Wertheim) and microscopic quantum statistical mechanical
(Schweizer-Chandler) theories of solvent effects on solute electronic spectra are compared
with the experimental results. Calculations suggest limited applicability of dielectric theories
but good agreement between experiment and microscopic theory. The results demonstrate the
usefulness of cryogenic solutions for high pressure, low temperature spectroscopic studies of
liquids.



Spectroscopic studies of cryogenic fluids: Benzene in nitrogena)
R. Nowakbl and E. R. Be rstein
Department of Chemistry, Condensed Matter Sciences Laboratory. Colorado State University. Fort Collins.
Colorado 80523

(Received 8 January 1987; accepted 28 January 1987)

Energy shifts and bandwidths for the 'B2. -'A , optical absorption of benzene in supercritical
nitrogen are presented as a function of pressure, temperature, and density. The pressure and
density dependence of energy shifts of room temperature emission of benzene in nitrogen fluid
is also reported. Both absorption and emission spectra exhibit shifts to lower energy as a
function of density, whereas almost no spectral shifts are observed if the density is kept
constant and temperature and pressure varied simultaneously. Thus, density is the
fundamental microscopic parameter for energy shifts of optical transitions in supercntical
nitrogen. This result is analogous to the findings for the liquid benzene/propane system and
can be interpreted qualitatively in terms of changes occurring in the intermolecular potential;
however, in the benzene/supercritical nitrogen system an additional small density independent
temperature effect on the transition energy has been identified. Experimental results are
compared to dielectric (Onsager-B6ttcher and Wertheim) and microscopic quantum
statistical mechanical (Schweizer-Chandler) theories of solvent effects on solute electronic
spectra. Reasonably good agreement between experiment and theory is found. The results
demonstrate that liquid state theory can be used to describe the supercritical nitrogen fluid.

van duw Was Mode of 3*uto4/3Wlvont Clusmr Benzew-4Methawn,
-Daotrlono'tan, and -Carb Tetrataoul e

J. A. Mewipsm aml L L BD eWi
Department of Chemistry. Condensed Matter Sciences Laboratory, Colorado State University. Fort Collins.
Colorado 80523 (Received.' October 20. 1986)

Clusfer of benene(CD 4), and -(CF4), are created in a supersonic molecular jet and are studied by two-color time-of-flight
mum spectrobcopy. The clusters' S, - So intermolecular vibronic structures are characterized by calculational modeling
of the clustes' intermoleclar motion. The calculations include (I) an intermolecular normal-coordinate analysis (NC A)
which tre ts all sit van der Wasils mod. under a harmonic ocillator assumption and (2) a three-dimensional hindered rigid-rotor
analysis (3D-HRRA) which treats the intermolecular torsional motion. Agreement between calculation and experiment
is excellen for binding mergy, synuetri. and van der Waals mode energies. The cluster spectra and calculated intermoiecuiar
mode are compared to thou of benzeneCH,), reported previously. A major conclusion of this work is that the clusters
behave rigidly with regrd to internal rotato of the duster subunits and that the clusters possms unique equilibnum geometries.
The internal torsional motion is oscillatory and is constrained by an orientationally dependent intermolecular potential whose
baier height is of the order of the cluster binding energy.



A study of nonrigid aromatic molecules by supersonic molecular jet
spectroscopy. I. Toluene and the xylenes

P. J. Breen, J. A. Warren, and E. R. Bernstein
Department of Chemistry. Condensed .datter Sciences Laboratory. Colorado State LntLeruttv. Fort Collins.
Colorado 't0523

Jeffrey !. Seeman
Phlip torts U.S.A. Re~earch C'nter. Richmund. Virginia 23261

Rccei ,ed 28 January 1087. accepted 7 May 1987)

Dispersed emission and time ot flight mass spectra are presented for jet-cooled toluene. and o-.
m-. and p-xylene. The spectra exhibit features, typically within 100 cm of the S, =S,, origins.
which are assigned to transitions associated with the internal rotation of the ring methyl
groups. A model is developed which treats this methyl motion as that of a one-dimensional
rigid rotor. The spacings of the peaks in the spectra are used to solve for the rotational constant
B of the methyl rotor, and for the size and shape of the n-fold barrier to rotation (i.e.. V,. V,
etc.) within this model. For toluene and p-xylene, the barrier is found to be small in both the
ground (Si) ( V, - 10 cm-') and excited (S,) ( V,- 25 cm t ) electronic states. For m-xylene.
the ground state is again found to have a low barrier ( V,- 25 cm '), but the excited state has
a potential barrier of V, = 81 cm - . V, = - 30 cm '. The barrier to rotation of the ring
methyl groups is observed to be the highest for o-xylene. In this case the ground state is found
to have a rather large barner V, =425 cm-', V, = 18 cm-' which changes to V, - 166 cm-.
V- - - 25 cm - '. and V,, -0 cm in the excited state. The V, term represents a potential
cross term between the two methyl rotors. The use of a kinetic energy cross term with a
weighting coefficient of 0.72 in the Hamiltonian is also required for an accurate description of
the excited state of this isomer. Empirical force field (EFF) calculations are performed for
toluene and the three xylenes using a molecular orbital-molecular mechanics ( MOMM)
algorithm. The EFF-.MONfM calculations are in essential agreement with the spectroscopic
results and the one-dimen,ional neid rotor model.

A study of nonrigid aromatic molecules by supersonic molecular jet
spectroscopy. II. Propyltoluenes

P. J. Breen, J. A. Warren, and E. R. Bernstein
Department of Chemistry. Condensed Matter Sciences Laboratory. Colorado State UnWersitv. Fort Collins.
Colorado 80523

Jeffrey I. Seeman
Philip .Worris U. S. .4. Research Center. Richmond. Virginia 23261

' Received 28 January N987: accepted 7 May 1987)

Dispersed emission (DE) and time of flight mass spectra (TOFMS) are presented for
supersonic molecular jet-cooled o-. in.. and p-n-propyltoluene. The spectra exhibit multiple
origins which are assigned to anti and gauche conformations of the propyl group relative to the
aromatic ring. The TOFMS of m-n-propyltoluene rules out an eclipsed propyl conformation as
a populated conformation. Empirical force field (EFF) calculations are presented which
support these assignments. The spectra also exhibit features, typically within 100 cm -' of the
origin, which are assigned to transitions asuciated with the internal rotation of the ring methyl
group. A model which treats this methyl motion as a one-dimensional rigid rotor is used to
solve for the rotational constant B of the methyl rotor, and for the size and shape of the barrier
to rotation. The banrer for p-n-propyltoluene is found to be small in both the ground
(S,, - V, = 5 cm - ') and excited (S, - V, = 20 cm - 1) electronic states. For m-n-

propyltoluene. the ground state is again found to have a low barrier ( V, = 23 cm -'). but the
excited state has a potential barrier of V, = 75 cm - . The barrier for o-n-propyltoluene in the
ground state is observed to be higher ( V, = 64 cm -) than for the other two isomers. The first
excited electronic state of this latter compound displays a multitude of levels in the TOFMS
which are explained by a double-rotor mndei nvolving the ring methyl group ( V, = 72 cm
V,, = - 14 cm - and terminal methyl group of the propyl chain ( V, = 106 cm - ,
V,, = - 13 cm -). The results are indicative of an interaction between the ring methyl group
and the propyl chain. In all three n-propyltoluene isomers, more than one origin peak is
present in the TOFMS. indicating the presence of multiple stable propyl conformations for
each isomer. The propyltoluenes thus demonstrate two types of nonrigid molecular behavior:
internal rotational motion associated with the ring methyl group, and potentially three stable
conformations of the propyl chain with respect to the aromatic ring.



Torsional Motion in Aromatic Molecules.
Conformational Analysis of Methyl-, Ethyl-. and
n -Prop lbenzenes:
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Laboratory, Colorado State University

Fort Collins, Colorado 80523

Jeffrey I Seeman*

Philip AIorris U.S.A. Research Center
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To an ever increasing extent. information regarding torsional
vibrations of organic molecules is being provided by theoretical
treatments rather than by experimental observation.' When
experimental data are available, all too frequently they pertain
to mole fraction weighted averages of the individual contributing
conformations rather than the individual conformations them-
selves.2  We now demonstrate that supersonic molecular jet
spectroscopy can provide a novel means (a) to determine exper-
imental values for torsional potential barriers in So and $l, (b)
to "freeze out" molecular conformations which have very low (ca.
1-5 kcal mol - ') free energy barriers between themselves, (c) to
.count' the number of stable ground state conformations and, by
doing so, establish their molecular geometries, and (d) to observe
spectroscopic properties of these individual conformations.

Much current interest exists in the conformational analysis of
alkyl-substituted benzene substrates, and herein we focus specific
attention on the first three members of this class of compounds:
methyl, ethyl, and n-propyl. Both time of flight mass spectra
(TOFMS) and dispersed emission (DE) spectra are determined
for the systems studiedA Figure I presents the TOFMS of
m-xylene (1) for the 0° region of the S - So transition. The
various features of this spectrum are attributed to transitions
between internal rotor states of the two methyl groups. A double
one-dimensional rigid rotor model can be emoloved to fit these
data. 4
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van der Waals clusters of pyridazine and isoquinoline: The effect
of solvation on chromophore electronic structure )

J. Wanna and E. R. Bernstein
Department of Chemtstry. Condensed Matter Sciences Laboratory, Colorado State University, Fort Collins.
Colorado 80523

(Received 16 December 1986; accepted 6 March 1987)

van der Waals clusters of pyridazine and isoquinoline with CH4 , NH 3, HO, and CHOH are
generated in a supersonic molecular jet expansion and investigated by two-color time-of-flight
mass spectroscopy. As is the case for the other diazine systems, no spectra could be observed
for pyridazine (H20), or (CH3OH), clusters. Both chromophore molecules are reported to
have close lying, vibronically coupled S, and S2 excited states: nie for pyridazine and n t* (S)
and P-7r* (S.) for isoquinoline. Cluster spectra for pyridazine methane and ammonia clusters
do not favoi the presence of two nr* transitions in the S, -So transition region but rather
suggest that the "S2 origin" is a vibronic feature of the S, -So transition. Isoquinoline clusters
that are only weakly or not at all hydrogen bonded (CH 4 and NH 3) display a complicated
spectrum indicative of S, (ne')-S, (n-*) vibronic coupling and not the usual shifted isolated
molecular spectrum. Isoquinoline clusters with substantial hydrogen bonding (H 20 and
CH 3OH) display relatively simple spectra indicative of only a single electronic transition S,
(w-*) .- S, in the region and no interstate vibronic coupling. These results are compared and
contrasted with each other and the spectra of the other diazine clusters. Potential energy
calculations are also employed to help understand the clustering in these systems.

Spectroscopic studies of cryogenic fluids: Benzene in argon and heliuma )

R. Nowakb) and E. R. Bernstein
Department of Chemistry, Condensed Matter Sciences Laboratory. Colorado State University, Fort Collins
Colorado 80523

(Received 16 March 1987; accepted 18 May 1987)

Energy shifts and bandwidths of the 6, vibronic feature of the 'B,. - 'A, optical absorption
spectrum of benzene dissolved in supercritical argon and helium, and in liquid argon are
reported as a function of pressure, temperature, and density. Benzene/Ar solutions display red
shifts of the 6" transition with increasing density but the dependence is found to be nonlinear
at high densities. Benzene/He solutions evidence blue shifts of the 6, transition as a function of
increasing density which also becomes nonlinear at high densities. Only small spectral shifts
are recorded if the density is kept constant and pressure and temperature are varied
simultaneously. In addition, a small density independent temperature effect on the transition
energy- shift is identified. Experimental results are compared to dielectric (Onsager-B6ttcher
and Wertheim) and quantum statistical mechanical (Schweizer-Chandler) theories of solvent
effects on solute absorption energy. Reasonably good agreement between experiment and
theory is found only for the benzene/Ar system at relatively low densities. The theory fails to
predict energy shifts for both the benzene/He and high density benzene/Ar systems. This
result is different from the findings for the benzene/N, and benzene/C3H, solutions and can be
interpreted qualitatively in terms of competition between dispersive attractive and repulsive
interactions as a function of density. The failure of the theory to describe these transition
energy shifts is attributed to the omission of explicit repulsive interactions terms in the
theoretical models employed.



Supersonic molecular jet spectroscopy of ethylbenzene, the ethyltoluenes,
and the diethylbenzenes

P. J. Breen and E. R. Bernstein
Department of Chemistry. Condensed Matter Sciences Laboratory. Colorado State University, Fort Collins.
Colorado 80523

Jeffrey I. Seeman
Philip .torris U. S. A. Research Center, P. 0. Box 26583. Richmond, Virginia 23261

(Received 9 March 1987; accepted 4 June 1987)

Time-of-flight mass spectra are presented for the S, -So origin region of jet-cooled 1,2-, 1,3-,
and 1,4-diethylbenzene, and 2-, 3-, and 4-ethyltoluene. The spectra for the diethylbenzenes
exhibit two origins which are assigned to syn and anti conformations of the ethyl groups
relative to the aromatic ring. The existence of two origins in the 1,3-diethylbenzene spectrum,
and only one in the 3-ethyltoluene spectrum, strongly implies that the stable orientation of the
ethyl groups is with the 6-carbon atom of the ethyl group projecting perpendicular to the plane
of the aromatic ring. The size and shape of the potential barrier to rotation of the ring methyl
group is obtained by treating the methyl group as a one-dimensional rigid rotor and fitting the
calculated energy levels to observed features in the spectra. The results (for the para isomer
B = 5.20 cm ', V6 = 31.00 cm -'; for the meta isomer, B = 5.40 cm-', V3 = 78.00 cm- '; and
for the ortho isomer, B = 5.50 cm ', V3  89.00 cm- ') indicate that the methyl group
experiences an increased barrier to rotation in the order para < meta < ortho isomer.

Spectroscopic studies of phthalocyanines and their clusters with small
moleculesa)

J. A. Menapace and E. R. Bernstein
Department of Chemistry, Condensed Matter Sciences Laboratory, Colorado State Universty. Fort Colins
Colorado 80523

(Received 2 April 1987; accepted 25 August 1987)

van der Waals clusters of free base phthalocyanine (H2 Pc) and magnesium phthalocyanine
(MgPc) with small hydrocarbons [C,, H,, (n = 1,2,3) J, hydrogen bonding solvents (H,O,
MeOH, EtOH), and CO2 are studied in the gas phase using supersonic molecular jet
spectroscopy. Fluorescence excitation spectra of the cluster systems are characterized in the
regions of the cluster S -So transitions. Forbidden low frequency cluster chromophore out-of-
plane vibronic transitions are induced by clustering in the majority of the cluster systems
studied. This low frequency motion is characterized using an out-of-plane normal coordinate
analysis on the HPc moiety. Calculations of the binding energy and ground state geometry for
the clusters are carried out employing Lennard-Jones (6-12-1) and hydrogen bonding ( 10-12-
1) potentials. Comparison between the calculations and experiments allow for the
identification of specific configurations responsible for the cluster vibronic transitions
observed. The cluster vibronic spectra and theoretical calculations suggest that stable H,Pc
and MgPc solvation sites are located over the phthalocyano core and not over peripheral ring
centers. The HPc/hydrocarbon cluster experimental and calculational results parallel those
obtained for benzene and N-heterocycle/hydrocarbon clusters studied previously. The HPc
and MgPc/alcohol cluster spectra and calculated geometries suggest that the solvent OH
group is intimately involved in the intermolecular interactions and contributes significantly to
the observed spectroscopic shifts.



Observation and Geometry Assignment of Individual Conformations of Aryl MethylEthers in the Gas Phase
Jeffre L Seanan.0a Henry V. Soon.e P. J. Sreen.b aOW E R. Bioristonn"M
aPhilip Morris U.SA Research Centre,, P.O. Boxe 2658, Richmond, Virginia 23267, U.S.A.bDepartment of Chemistry, Condensed Matter Sciences Laboratory, Colorado State Universit, Fort Collins,Colorado 80523, U.SA

Supersonic molecular jet lawseSpectroscopy is used to observe the individual conformations ofta number of ai'y)met"y ethers in the gas phase and to establish their planar conformations.

Aromatic methyll ethers continu to play an important role in As part of our studies"'9 on the conformations andorganic chemisty. This huctonality has much synthetic reactivities of aromatic compounds in the Sas phase and inutility and is freqluently found in natural products. including clusters, we have examined the supersonic molecular jet lasermany compounds of pharmacological value. The study of the spectroscopy of anisole and some of its derivatives. Thepotential. energy proffies of this functional group has added various techniques assocated with supersonic molecular jetsignificance in term of regiochemistry; e.g.. kinetic electro- laser spectroscopy (including one and two colour time of flightphilic attack on the aromatic ring system of (1) is a function of mas pectroscopy (TOFMS), fluorescence excitation (FE).x-electron density which, itself is modified by methoxy and dispersed emission (DE) spectroscopy] employed in theseconfoMer distributiongs. L Results from sophisticated investigations have recently been reported.9 Consider anexperimental and theoretical investigations have been inter. aromatic Molecule. The energy of the xr --v xe electronicpreted in teon. of planar conformations (cf. Scheme 1). transition (S, ~- So) for each stable conformation of thethough exceptons have been noted and definitiv evidence is molecule will. in principle. generate its own spectroscopic 011not avalable2- transition (origin transition). The converse is also true; i

Spectroscopy and Structure Of 2-Hydroxyquinolin.

M. R. Nimlos, D. F. Kelkey,*t and E. R. Bernstein*
Department of Chemistry. Condensed Matter Sciences Laboratory. Colorado State University Fort Collins.
Colorado 80523 (Received: May 13. 1987)

The two-photon time-of-flight mass spectroscopy (TOFMS). fluorescence excitation spectrum, and dispersed emission spec~tra
of 2-hydroxyquinoine are reported. Absorption and emission spectra from both the lactim (2-hydroxyquinoline) and the
lactam (2(lHf)-quinolone) tautoiners are observed. The origins for the lactam and lactim forms are 29 112 and 31 349 cm.respectively. No evidence of excited-state proton transfer in the lactim with up to 2800 cm- of excess vibrational energy
can be found.



Chemical reactions in isolated clusters: Excited state electron transfer
in 3- and 4-dimethylaminobenzonitrile ")

J. A. Warrenbl and E. R. Bernstein
Department of Chemistry. Condensed Matter Sciences Laboratory. Colorado State University. Fort Collins.
Coloraao R0523

Jeffrey I. Seeman
Phillip Morris U. S. A. Research Center. P. 0. Box 26583 Richmond. Virginia 23261

(Received 21 August 1987; accepted 24 September 1987)

Two-color time-of-flight mass spectra of 3- and 4-dimethylaminobenzonitrile (3- and 4-
DMABN) bare molecules and clusters with methane, water, acetone, dichloromethane, and
acetonitrile are reported and discussed. The clusters and molecules are isolated and cooled in a
supersonic expansion. Both 3- and 4-DMABN bare molecules display significant changes in
geometry, associated with rotation-inversion coordinates of the dimethylamino group, upon
excitation from the ground electronic state S0 to the first excited singlet state S,. Cluster
spectra for the monosolvates (CH 4, H,O. (CH 3)2CO, CHCl,, CH 3CN] of 3- and 4-DMABN
evidence two general types of behavior. (I) Cluster spectra have both red and blue shifts from
their respective bare molecule origins whichare relatively small (in general less than 200
cm _'). These cluster spectra are nearly identical with the bare molecule spectra; the salvation
process seems to have little effect on the DMABN molecule, especially the -N (CH 3) moiety,
for these clusters or cluster states. (2) Cluster spectra have shifts that are large ( - 500-1000
cm- 1 ) and to low energy of the bare molecule spectra. These cluster spectra are composed of
both sharp and broad features which bear little resemblance to those observed in the respective
bare DMABN molecule spectra. Results of calculations of cluster geometry suggest that
thedifferent cluster spectra may be associated with clusters of different geometry. These data
are interpreted in terms of solution behavior of 3- and 4-DMABN. The relationship between
the twisted intramolecular charge transfer (TICT) state model proposed for 4-DMABN in
dipolar aprotic solvents and these cluster results is explored.

Geometry and torsional motion of biphenyl in the ground and first excited
singlet state

Hoong-Sun Im and E. R. Bernstein
Department of Chemistry, Colorado State Univrsity. Fort Collin& Colorado 80523
(Received 13 January 1988; accepted 2 March 1988)
The lowest excited singlet state of biphenyl (BP) and a number of its isotopically and
chemically substituted analogs have been studied by supersonic jet laser spectroscopy. The
symmetry species of this excited state in BP can be classified as B 2. in the G,, extended
molecular symmetry group G,6 (EM). The symmetry-allowed origin of the biphenyl -h1,oS, -So electronic transition occurs at 35 268 cm - . The frequency of the torsional motion in S,
is determined to be -- 65 cm'. The potential parameters for this motion in S are V, = 1195
cm', , - - 190 cm-', and V, = 18 cm -'. The torsional motion for the ground s (-tate 50
cm ) can be described by , = 50 cm - and V4 = - 148 cm - . The change in the dihedral
angle between the two benzene rings in BP upon S, to S, excitation is determined to be - 44"
based on a Franck-Condon factor calculation. Several fundamentals of the molecular
vibrations are assigned in the S, state. The exciton interaction between the coupled benzene
rings in biphenyl is suggested to be large ( > 10' cm-').



Benzene clustered with N2, C0 2, and CO: Energy levels, vibrational structure,
and nucleation

R. Nowak, J. A. Menapace,a) and E. R. Bernstein
Condensed Matter Sciences Laboratory, Department of Chemistry, Colorado State University, Fort Collins.
Colorado 80523

(Received 3 February 1988; accepted 21 April 1988)

Two-color time-of-flight mass spectroscopy is employed to study the van der Waals (vdW)
clusters of benzene(N,). (n<8), benzene(CO), (n<7), and benzene(CO). (n = 1,2)
created in a supersonic molecular jet. Potential energy calculations of cluster geometries,
normal coordinate analysis of vdW vibrational modes, and calculations of the internal
rotational transitions are employed for the assignment of the benzene(solvent), cluster spectra
in the 0g and 6 regions of the benzene 'B,. -'A transition. The respective vibronic and
rotational selection rules for these clusters are determined based on the appropriate point
groups and molecular symmetry groups of the clusters. Good agreement between the
calculated and experimental spectra is obtained with regard to the vdW vibrational and
internal rotational modes. The solvent molecules rotate nearly freely with respect to benzene
about the benzene-solvent bond axis in the benzene(solvent), clusters. In the excited state a
small - 20 cm -' barrier to rotation is encountered. Studies of larger clusters (n > 2) reveal a
broad red shifted single origin in the 6 spectra. A linearly increasing cluster energy shift is
observed as a function of cluster size. The cluster energy shifts are not saturated by one solvent
molecule on each side of the aromatic ring; several solvent molecules effectively interact with
the solute ir electronic cloud. Both homogeneous and inhomogeneous nucleation take place for
the clusters studied depending on the ratio of the solvent-solvent binding energy to the cluster
binding energy.



A study of Non-Rigid Aromatic Molecules. Observation and

Spectroscopic Analysis of the Stable Conformations of Various

Alkylbenzenes by Supersonic Molecular Jet Laser Spectroscopy

*la la Ib
Jeffrey 1. Seema, Henry V. Secor, P. J. Breen, V. H

Grassian, 1c and R. R. Bernstein* Ic

Abstract: The technique of supersonic molecular jet laser spectroscopy was

used to determine the stable conformations of a series of alkylbenzenes.

This study demonstrates, for the first time, the sensitivity of molecular

jet spectroscopy in determining both the number of stable conformations as

well as the geometry of various ethyl, propyl and butyl substituents

relative to the aromatic ring. Different rotamers with low barriers to

interconversion, < 5 kcal/mole, can be isolated in the supersonic jet

expansion. Each observed conformation exhibits its own spectroscopic origin

(S 4- S transition) in a 2-color time-of-flight mass spectrum (TOFMS). The

number of stable conformations is then used to determine the minimum energy

geometries of the substituent group. Previous identification of individual

molecular conformations for such low barriers to interconversion has not

been attainable with convent. onal techniques such as variable temperature

NMR.



Obsrvtin and Geometr Assignment of Individual Conformations of Aryl Methyl
Ethes In the Gas Phase
Jeffre L 8seemn* enuutt V. Sewo.0 P. J. Sremn~b and L R. %rnsten*%
4 Philip MOMrS USA Research CeNtev, P.O. Box 26W8, Richmond, Virginia 2326?, U.S.A.
b "oeament of Chemist, Condensed Maner Sciences Laboratory, Colorado State University, Fort Collins,
Colorado 8023, USA

Supersonic molecular jet lase spectroscopy is used to observe the individual conformations of a number of aryl
methyl ethers in the gas phase and to establish their planar conformations&

Aromatic methyl ethers continue to play an important role in As pant of our studis8.9 on the conformations and
organi chemistry. This functionality has much synthetic reactivities Of aromatic Compounds in the gas phase and in
utility and is frequently found in natural products. including clusters, we have examined the supersonic molecular jet laser
many compotmck of p haraooia value. Ile study of the spectroscopy of anisole and some of its derivatives. The
potentiaL enery proffie of this functional group has added various techniques associated with supersonic molecular jet
sgmnficanoe in terms of regiochemistry; e.g., kinetic electro- laser lipPectro asc1opy [including one and two colour time of flight
phili attack on the aromatic ring system of (1) is a function of ma1s PectrscoPY (TOFMS). fluorescce excitation (FE).
xelectros density whih itself is modified by methoxy and dispersedl emisstion (DE) spectroscopyl employed in these

conhume disrrbutlonu. Results from sophistcate invetigaion have recently been reported.' Consider an
exeietal and theoretical investigations have been inter. aromati molecule. noe energy of the xt -6 x" electronic

preted in tarm of planar conformations (cf. Scheme 1), transition (S5, So) for each stable conformation of the
though excePtio.. have been noted and definitive evidence is molecule will, in principle, generate its own spectroscopic
wot avalabis.3-7 traumtios (origin transition). The converse is also true. i

DETERMINATION OF THE MINIMUM ENERGY CONFORMATION OF ALLYLBENZENE AND

ITS CLUSTERS WITH MIETHANE, ETHANE, W4ATER AND AMMONIA

Abstract

Supersonic molecular jet laser time of flight mass spectroscopy (TOFM.4S)

is employed to determine the minimum energy conformation of the allyl group with

respect to the henzene ring of al'lylbenzene, l-allyl-2-methylbenzene and 1-

allyl-3--methylbenzene. The spectra are assigned and conformations ure suggested

with the aid of molecular orbital molecular mechanics (MOMM-85) calculations.

Based on the experimental and theoretical results, the minimum energy conformer

is found to have r l(CorthoCipso-Ca&C) = ca. 900 (i.e., the allyl group is

essentially perpendicular to the plane of the benzene ring) and r2(Cips -C fi -C-

CrT) - t 1200 (i.e., the olefin C-C bond is eclipsed with the Ca- -H a bond). The

'OFXS of allylbenzene clustered with methane, ethane, water and ammonia aire also

presented. A Lennard-Jones potential energy 6-12-1 atom-atom calculation is

used to characterize the structures of these clusters. Experinents and

calculations demonstrate that the four different solvent molecules studied can

form stable clusters with allylbenzene by coordinating to the i-system of the

ailyl substituent In addition to that of the aromatic ring.



Spectroscopy, Structure, and Proton Dynamics of 2-Hydroxypyridifle and Its Clusters

with Water and Ammonia
M. R. Nimlos. D. F. Kelley-' and E. R. Bernstein*

Department of Chemnistr *y. Condensed Matter Science Laboratory. Colorado State University. Fort Collins.

Colorado 80523 [Received: June 3, 1988)

The two tautomeric forms of 2.hydroxypyridine (2-HP) have been studied in a supersonic jet expansion. Tirne-of-flight mass
spectroscopy tTOFMS) and emission spectroscopy of the lactim and lactam tautomers have been studied and are reported
hemt. The lactin spectrum is similar to an earlier TOF.MS spectrum and has its origin at 36 136 cm-'. Evidence of mixing
of the nir and r* electronic states is seen in the lactim spectrum. The mixing is removed in the disolvate water cluster
but not in monosolvate clusters of ammonia or water. The lactam is shown to be nonplanar giving rise to two origins in
the excitation spectrum at 29 832 and 29935 cm'". The ammonia and water factisn cluster spectra show significant shifts
to the red while the cluster spectra to the lactam show large shifts to the blue. Experimental evidence for strong hydrogen
bonding in these clusters is discussed. Intramolecular and intermolecular proton transfer in 2-HP and its clusters is discussed
in the context of these data.

Spectroscopic Observation and Geometry Assignment of the
Minimum Energy Conformations of Methoxy-Substituted
Benzenes
P. J. Bree.'1 L. R. Bernstein."a Henry V. Secorle and Jeffrey 1. Seewnana.Ic

Contribution from the Department of Chemistry. Colorado State University. Fort Collins.
Colorado 80523. and the Philip Morris Research Center. P.O. Box 26583, Richmond. Virginia
23261. Received April 14. 1988

Ahiraec Optical spectroscopic data are presented for methoxybenzene the three metxYtolueftes. I -ethyl-4-methoxybenzene.
and 1.2- and I .3-dimethoxybenine cooled and isolated in a supersonic jet expansion. Each unique stable conformation of
the stericaily unencumbered methoxybieuzees displays a unique and assignable spectrum; the interpretation of these spectra
leads to the assignment of specific molecular geometries for ecb system The minimum energy conformation of the methoxy
group with respec to the ring is shown to be a planar conformation in which the methoxy group lies in the plane of the ring.
The potential barrier for rotation of the ring methyl group in the methoxytoluenes is characterized from observed transitions
between methyl group rotational levels which accompany the electronic transition. The meta isomer exhibits a large barrier
to methyl rotation in S, (V, 520 cm-') whereas the methyl group in the ortho and para isomers is nearly freely rotating
(V3 4 50 cmn'). The dimethoxybertzee exhibit spectral features due to torsions of the methoxy groups. substantial barriers
to methoxy group rotation (Vt - 500 cm-1 V; = 100 cm- for ortho. V, and V3 - 2000-5000 cm-1 for meta) are established:
again the torsional bater appears to be highest for the meta or 3-position on the ring. The presence of Cross kinetic and
Potential terms between metboxy groups is further suggested for the ontho isomer.



CONFORMATVONAL CHANGES UPON S1 0 So EXCITATTON TN

4-DTMETIIYLAMINORRNZONITRILE AND SOME OF TTS CHEMICAL ANALOGS

ARSTRACT

One-color time-of-flight mass spectra (mass resolved excitation spectra)

for Jet-cooled 4-dimethylaminobenzonftrile (4-fRARN) and some of its chemical

analogs, dimethylantline (DMA), 3-dimethylaminobenzonitrile (3-DMABN), N,N-

dimethyl-4-(trlfluornmethyl)benzeamine (4-C73-nMA) and 4-(d6-

dimethylamino)benzonitrile (4-d6-DMARN), are presented and analyzed. Near the

origin of the S1  q transition the low frequency modes can he assigned to

motions of the dimethylamino group for this series of molecules. The inversion

motion of the dimethylamino group and the dimethylamino group torsion about the

Ctpso-N bond (the twist coordinate) in S1 give rise to the most prominent peaks in

this spectrum. The potential parameters far the twist coordinate of 4-DMABN and

DNA are quite similar in Ri:B a 0,546, V2 - 175, and V4 - 525 cm- 1 for 4-DMABN and

- 0.548, V2 - 175, and V4 = 515cm-1 for DMA. The V2 and V4 terms are slightly

larger for a-nMABN and 4-CP3-DMA. The Inversion motion is also similar for

these molecules but in more anharmonic for the parn-substituted

dlmethylanilines, 4-ONARN and 4-CF3-OnA, than for the meta and unsubstituted

molecules. A Pranck-Condon intensity analysis for the dimethylamino twist in

these molecules suggests that this group in 4-DMABN Is displaced in the excited

state by ca. 300 with respect to its planar orientation in the ground state. Tn

both solutions and monosolvate clusters of 4-fMABN with polar aprotic solvents,

a low lying charge transfer (CT) state is identified in addition to the usual

r* excited state of the bare molecule. The relation between the bare molec||le-

4-nMARN twisting displacement upon excitation and the low lying CT state is

discussed.



SPECTROSCOPY AND STRUCTURE OF JET-COOLED ALPHA-METHYLSTYRENE

ABSTRACT

The sterically hindered styrene derivative, a-methylstyrene (2-phenyl-

propane). is studied by 1-color time-of-flight mass spectroscopy (TOFMS). In

contrast to styrene, which has an intense spectral origin transition in the

TOFHS, x-methyl styrene exhibits a weak origin transition. A progression in a

low frequency torsional mode, with an energy level spacing of -69 cm- 1, Is

built on the origin. The intensity maximum of this progression occurs at the

eighth peak position, indicating that the ground and excited state geometries

are displaced from one another. The torsional progression is assigned to the

hindered rotation of the propenyl group with respect to the aromatic ring.

Potential parameters derived from an analysis of the spectra are V2 
- 0.0 and

V4 - 150.0 cm -1 for So and V2 - 4867, V4 - -500 and V6 - -80 cm - 1 for S1 .

Based on hot band transitions in the region of the origin, this torsional mode

is assigned an energy level spacing of -32 cm- in the ground state. In the

ground state the propenyl group is calculated to be at a -310 angle from the

plane of the aromatic ring. Analysis of the Franck-Condon intensity profile

yields a displacement in the excited state, for the angle between the aromatic

and ethylenic groups, of 300 relative to the ground state. Alpha-methylsty-

rene is suggested to be nearly planar In Its first excited x-x state.



A CONFORMATIONAL STUDY OF JET-COOLED STYREME DERIVATIVES.

DEMONSTRATION OF ThE PLANARITY OF NON-STERICALLY HINDERED STYRENES.

ARSTRACT

One-color time-of-flight mass spectroscopy (mass resolved excitation

spectroscopy) is used to determine ground and excited state geomotrips and

moleciilar parameters for styrene and a number of its derivatives cooled in a

supersonic jet expansion. Tn this paper we prosent results for styrene and a

series of sterically unhindered suhstituted derivatives: trans-3-methylstyrene.

3-methylstyrene, 4-ethylstyrene and 4-methoxy-trans--methyl styrene (anethole).

Styrene, trans-A-methylstyrene and 4-ethylstyrene all exhibit one spectroscopic

origin corresponding to a single conformation, whereas 3-methylstyrene and

anethole exhibit two origins corresponding to syn and anti ground state

conformations. The vinyl group is concluded to he planar with respect to the

aromatic ring for all of these molecules in both Sn and S1 . A one-dimensional

methyl rotor analysis for the two conformers of 3-methylstyrene in the first

excited singlet state S, yields the parameters for methyl rotation in the anti

conformer, B = 5.20, V1 = RO.0 and V6 = -15.0 cm- 1 and in the more hindered 2

conformer, R 5.95, V3 = 185.0 and V6 = -27.5 cm- 1



Observation and Geometry Assignment of Conformations of Styrenes

in the Ground and First Excited Singlet State

Jeffrey I. Seeman, *la V. H. Grassian,Ib and 3. R. Bernstein *lb

Abstract: The technique of supersonic molecular jet laser spectroscopy is

used to determine the stable conformations of a series of sterically

unhindered styrenes and of a-methylstyrene. This study demonstrates, for

the first time, that the most stable ground state conformation of unhindered

styrenes is the all-planar geometry. Spectroscopic origin transitions were

observed in the time of flight mass spectra (TOFMS) for the two (anti and

syn) planar conformations of anethole (4-mthoxy-l-(lE-propenyl)benzene].

The TOFMS of the unhindered styrenes typically consists of a very strong 00

transition and minor other transitions, if any. In contrast, the TOFMS of0
a-methylstyrene exhibits a weak 00 transition and a progression in a low

0 -2.frequency torsional mode with an energy level spacing of 69 cm , with a

maximum intensity at the eighth peak position. Franck-Condon intensity

analysis yields a displacement for the torsional angle T(C ortho-Cip o-C -C

- 300 between the stable conformations in S and SI, suggesting that a-

methylstyrene is twisted ca. 300 out of the plane in SO.



A SPECTROSCOPIC CONFORMATIONAL STUDY OF ETHOITDENZENE

Mark A. Young, Jeffrey I. Seeman, and Elliot R. Bernstein

An investigation of jet cooled ethoxybenzene and various substituted
ethoxybenzenes, utilizing the techniques of one color time-of-flight mass
spectroscopy and dispersed emission spectroscopy, is presented. Analysis of the
accumulated data indicate that, under the conditions of our supersonic expansion.
only one molecular conformation is present. The observations are consistent with
an orientation placing the entire ethoxy group in the plane of the aromatic ring.
These results are similar to those found for methoxybenzene.
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